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Abstract
With Rytov approximation theory, we derive the analytic expression of de-
tection probability of Airy vortex beam carrying orbital angular momentum
(OAM) through an anisotropic weak oceanic turbulence. We investigate the
influences of turbulence parameters and beam parameters on the propagation
properties of Airy-OAM beam. The numerical simulation results show that the
anisotropic oceanic turbulence with a lower dissipation rate of temperature vari-
ance, smaller ratio of temperature and salinity contributions to the refractive
index spectrum, higher dissipation rate of kinetic energy per unit mass of fluid,
bigger inner scale factor, larger anisotropic coefficient causes the larger detection
probability of Airy-OAM beam. Moreover, the Airy-OAM beam with a smaller
topological charge, larger main ring radius and longer wavelength, has strong
resistance to oceanic turbulent interference. Additionally, the detection proba-
bility decreases with the increase of receiving aperture size. In comparison with
Laguerre-Gaussian-OAM beam, Airy-OAM beam has more anti-interference to
turbulence when its topological charge is larger than 5 due to its non-diffraction
and self-healing characteristics. The results are useful for underwater optical
communication link using Airy-OAM beam.
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1. Introduction
With the growing demand of underwater optical communication(UOC), as
well as the increasing needs of underwater imaging systems and sensor net-
works, the propagation properties of vortex beams carrying orbital angular mo-
mentum (OAM) has attracted a wider attention in an underwater environment
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. The OAM modes with dif-
ferent topological charges are orthogonal to each other, which make it possible
for OAM modes used as a new degree of freedom for information multiplexing,
where the capacity, as well as the bandwidth efficiency, can be greatly enhanced.
Baghdady et al. realized 3Gbit/s UOC system with two OAM modes multiplex-
ing for link distance 2.96m by taking advantage of this characteristics of OAM
modes [17]. Similarly, Ren et al. achieved a higher transmission rate, 40Gbit/s,
for a UOC system by using four OAM multiplexed modes [18].
However, OAM mode is a spatial distribution, its wavefront is susceptible
to the spatial aberrations caused by underwater or atmosphere turbulence[19,
20, 21, 22, 23]. That is, as optical signals carrying OAM propagation through
an oceanic medium, it will suffer attenuation and wavefront distortion caused
by the fluctuations of the refractive index of water and the various constituents
in the ocean [24, 25], which results in the OAM crosstalk between modes and
diminish the performance of an optical communication system. Importantly,
the existed results show that different OAM beams have different propagation
properties in the underwater environment. For example, Huang et al. investi-
gated the propagation of Gaussian Schell-model vortex beams through oceanic
turbulence, and showed that both position and number of coherent vortices
were changed with the increasing of propagation distance [1]. The propagation
of a partially coherent cylindrical vector Laguerre-Gaussian(LG) beam passing
through oceanic turbulence was investigated in [4], and the results showed that
the smaller the initial coherence length of beam was, the larger the influence
of ocean turbulence was. Cheng et al. revealed that the effect of a partially
coherent LG beam with longer wavelength and smaller topological charge was
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less affected by ocean turbulence [5], Bessel-Gaussian(BG) beam is better than
LG beam to resist the effects of ocean turbulence due to the non-diffraction
and self-healing properties [8]. As for partially coherent Lorentz-Gauss OAM
beam, Liu et al. found that the effect of turbulence was greater with smaller
topological charge of beam[9].
On the other hand, Airy vortex beam carrying OAMmode, called Airy-OAM
beam, has the properties of non-diffraction, self-healing and self-accelerating. It
has attracted a lot of attentions on its generation, properties and potential
applications recently [26, 27, 28]. However, as far as we have known, the prop-
agation properties of Airy-OAM beam in underwater turbulence have not been
reported.
In this paper, we investigate the propagation properties of Airy-OAM beam
through anisotropic oceanic turbulence. The detection probability of Airy-OAM
beam at the receiver side is derived with Rytov approximation theory, and the
influence of oceanic turbulence on Airy-OAM beam with different oceanic envi-
ronment and different source parameters are presented by numerical simulations.
The organization of the paper is as follows. In Section 2, the detection prob-
ability of Airy-OAM mode in weak oceanic turbulence is analyzed. In Section
3, the performance of Airy-OAM beam propagating in oceanic turbulence is
discussed. Finally, Section 4 concludes the paper.
2. The detection probability of Airy-OAM beam in an underwater
environment
In this section, we will derive the detection probability of Airy-OAM beam
when it is passed through the underwater turbulent channel.
Fig.1 shows the schematic diagram of the propagation property of Airy-
OAM beam in an underwater environment. At transmitter, Airy-OAM beam
with topological charge m0 was prepared by a special device, such as, spatial
light modulator (SLM). Here, m0 = 5 was used. The energy distribution at
transmitter showed that all the energy was concentrated at m0 = 5 position.
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Figure 1: Schematic diagram of the propagation property of Airy-OAM beam in an underwater
environment.
Then, the Airy-OAM beam was passed through an underwater turbulence chan-
nel. Here, Rytov approximation model was adopted to describe the interference
caused by the turbulent channel. The underwater turbulence would cause both
phase and intensity fluctuations on Airy-OAM beam, resulting in the energy
of Airy-OAM beam dispersed from m = 1 to m = 9. In order to estimate
the mode dispersion caused by underwater turbulence, the detection probabil-
ity Pm0 is used to evaluate the property of Airy-OAM beam in the underwater
environment, which is defined as
Pm0 =
Em0∑
mEm
, (1)
where Em0 denotes the energy detected for the received Airy-OAM mode with
m0 topological charge, m represents all possible received Airy-OAM modes.
The normalized complex amplitude of an Airy-OAM beam in the paraxial
approximation can be expressed as [29]
Ai0(r, ϕ, z) = −
ik
z
ω0(r0 − ω0α
2)Jm0(
krr0
z
)exp(ik
r2
2z
+
α3
3
+ im0ϕ), (2)
where (r, ϕ, z) are cylindrical coordinates, r is a radial distance from the prop-
agation axis, ϕ is an azimuthal angle, z is a propagation distance. k = 2piλ is
wavenumber and λ is wavelength, Jm0(·) is the Bessel function of the first kind.
ω0 is associated with the arbitrary transverse scale, r0 represents the radius of
the main ring, α is the exponential truncation, m0 represents topological charge,
and it is OAM quantum number.
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The influence caused by underwater turbulence can be regarded as pure
interference on the phase [13]. The second order cross spectral density function
of the Airy-OAM beam with Rytov approximation can be expressed as
W (r, ϕ, ϕ
′
, z) = Ai0(r, ϕ, z) · Ai
∗
0(r, ϕ
′
, z)exp[−
1
2
M(r, r
′
, z)], (3)
where z is propagation distance, M(r, r
′
, z) is the wave structure function. It
could be represented as in [13, 30]
M(r, r
′
, z) = 8π2k2z
∫ 1
0
∫
∞
0
κΦ(κ, ξ)[1− J0(κ|r − r
′
|)]dκdξ =
2|r − r
′
|2
ρ2c
, (4)
here, J0(·) is the the first kind zero order Bessel function, Φ(κ, ξ) is the spectrum
of anisotropic ocean turbulence, and the anisotropy is assumed only existing
along the Airy-OAM beam’s propagation direction, ρc is spatial coherent radius.
In the deduction, Φ(κ, ξ) is adopted the expression in [31], which is
Φ(κ, ξ) = 0.388× 10−8χtζ
2ε−1/3κ−11/3[1 + 2.35(κη)2/3]× φ(κ,̟), (5)
where κ =
√
κ2z + ζ
2κ2ρ, κρ =
√
κ2x + κ
2
y, κ is the spatial frequency of turbulent
fluctuation, χt is the dissipation rate of temperature variance ( the range is
from 10−10K2s−1 to 10−4K2s−1) , ζ is the anisotropic coefficient, ε is the
rate of dissipation of kinetic energy per unit mass of fluid ( the range is from
10−10m2s−3 to 10−1m2s−3), η is inner scale factor of oceanic turbulence, and
φ(κ,̟) = [exp(−ATσ) + ̟
−2exp(−ASσ) − 2̟
−1exp(−ATSσ], AT = 1.863 ×
10−2, AS = 1.9 × 10
−4, ATS = 9.41 × 10
−3, σ = 8.284(κη)4/3 + 12.978(κη)2,
̟ is the ratio of temperature and salinity contributions to the refractive index
spectrum (varying from −5 to 0, corresponding to dominating temperature-
induced or salinity-induced optical turbulence, respectively).
Substituting Eq.(5) into Eq.(4), we can derive the analytical expression of
ρc as
ρ2c = [8.705× 10
−8κ2(εη)−1/3ζ−2χtz(1− 2.605̟
−1 + 7.007̟−2)]−1. (6)
On the other hand, the second order cross spectral density functionW (r, ϕ, ϕ
′
, z)
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can be decomposed as
W (r, ϕ, ϕ
′
, z) =
1
2π
∞∑
−∞
< |̟m|
2 > exp([im(ϕ− ϕ
′
)]), (7)
where < |̟m|
2 > represents the ensemble averaged radial energy density of each
harmonic component in oceanic turbulence. Combining Eq.(7) with Eq.(2),Eq.(3),Eq.(4)
and Eq.(6), and with the help of the integration formula
∫ 2pi
0
exp[−inϕ+ τcos(ϕ − ϕ
′
)]dϕ = 2πexp(−inϕ
′
)In(τ), (8)
< |̟m|
2 > can be obtained as
< |̟m|
2 >=
1
2π
∫ 2pi
0
∫ 2pi
0
W (r, ϕ, ϕ
′
, z)exp[−im(ϕ− ϕ
′
)]dϕdϕ
′
=
1
2π
∫ 2pi
0
∫ 2pi
0
|
k
z
· ω0(r0 − ω0α
2) · Jm0(
krr0
z
)|2 · exp(
2α3
3
)exp[im0(ϕ− ϕ
′
)]
·exp[−
2r2 − 2r2cos(ϕ − ϕ
′
)
ρ2c
] · exp[−im(ϕ− ϕ
′
)]dϕdϕ
′
=
2πk2
z2
ω20(r0 − ω0α
2)2|Jm0(
krr0
z
)|2exp(
2α3
3
−
2r2
ρ2c
)Im−m0 (
2r2
ρ2c
), (9)
where Im−m0(·) is the symbol of the modified Bessel function of the first kind.
Assume the topological charge of transmitted and received Airy-OAM beam
are m0 and m (m ∈ (−∞,∞)), respectively. With the integration of < |̟m|
2 >
over the receiving aperture, we can obtain the energy of each received OAM
mode as Em =
∫ R
0
< |̟m|
2 > rdr, where R is the size of the receiving aper-
ture. Using the definition in Eq.(1), we can achieve the detection probability of
transmitted Airy-OAM beam with topological charge m0 when the Airy-OAM
beam is propagated through the underwater turbulence channel as
Pm0 =
Em0∑
mEm
=
∫ R
0
< |̟m0 |
2 > rdr∑
m
∫ R
0
< |̟m|2 > rdr
=
∫ R
0
2pik2
z2 ω
2
0(r0 − ω0α
2)2|Jm0(
krr0
z )|
2exp(2α
3
3
− 2r
2
ρ2
c
)Im0−m0(
2r2
ρ2
c
)rdr∑
m
∫ R
0
2pik2
z2 ω
2
0(r0 − ω0α
2)2|Jm0(
krr0
z )|
2exp(2α
3
3
− 2r
2
ρ2
c
)Im−m0(
2r2
ρ2
c
)rdr
.
(10)
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Figure 2: The detection probability Pm0 under different dissipation rate of temperature vari-
ance χt and dissipation rate of kinetic energy per unit mass of fluid ε.
3. Numerical simulation and discussion
In this section, the parameters of both underwater turbulence and Airy-
OAM beam are explored to analyze the influence of underwater turbulence on
the detection probability Pm0 . Some parameters are set as the following in
the numerical simulations. χt = 10
−8K2s−1, ε = 10−5m2s−3, η = 10−3m, ζ =
2, ̟ = −3, ω0 = 10
−2m, r0 = 10
−3m,α = 5×10−2, R = 3×10−2m,m0 = 1, λ =
532× 10−9m and z = 100m.
We first analyze the influence of dissipation rate of temperature variance χt
and dissipation rate of kinetic energy per unit mass of fluid ε on the propagation
of Airy-OAM beam. Fig.2 shows the detection probability Pm0 under different
dissipation rate of temperature variance χt and dissipation rate of kinetic en-
ergy per unit mass of fluid ε. The results showed that with the increase of χt
and the decrease of ε, the detection probability Pm0 decreased. The detection
probability Pm0 was 0.4203 and 0.179, respectively, when χt was 10
−8K2s−1
and 5 × 10−8K2s−1, while ε was the same, 5 × 10−5m2s−3. The larger rate
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of dissipation of kinetic energy per unit mass of fluid ε corresponded to lower
oceanic turbulence. It also indicated that the dissipation rate of temperature
variance χt had more influence on the detection probability Pm0 than that of
dissipation rate of kinetic energy per unit mass of fluid ε.
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8 8
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6 10-3
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4 4
2 2
Figure 3: The detection probability Pm0 under different inner scale factor η and anisotropic
coefficient ζ of oceanic turbulence.
Later, we discuss the influence of inner scale factor η and anisotropic co-
efficient ζ on the propagation of Airy-OAM beam. Fig.3 shows the detection
probability Pm0 under different inner scale factor η and anisotropic coefficient
ζ of oceanic turbulence. Note that turbulence spectrum will degrade to the
isotropic case when ζ is 1, and the turbulent heterogeneity will increase when ζ
increases. The numerical results showed that Pm0 increased with the increase
of ζ for any given η. The reason was that the anisotropy of turbulence reduced
refractive index fluctuation, so as to reduce the interference caused by oceanic
turbulence. On the other hand, the detection probability Pm0 became larger
with the increase of η when ζ was fixed. That was the turbulence eddies in the
inertial area would decrease with η, so that the beam scattering was reduced as
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the increase of η.
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Figure 4: The detection probability Pm0 against z for different ratio of temperature and
salinity contributions to the refractive index spectrum ̟ of ocean turbulence.
Simultaneously, we analyze the influence of oceanic turbulence temperature
and salinity contributions ratio̟ on the propagation of Airy-OAM beam. Fig.4
shows the detection probability Pm0 against z for different ratio of temperature
and salinity contributions to the refractive index spectrum ̟. It was seen from
the figure that Pm0 decreased with the propagation distance z for a given̟. For
the same propagation distance, the detection probability Pm0 was larger when
̟ was smaller, which implied that the salinity fluctuations in turbulence had
more impact on the Airy-OAM beam than that of temperature fluctuations.
Furthermore, we demonstrate the influence of beam source parameters on
the propagation of Airy-OAM beam. The influence of topological charge and
the receiving aperture size on the detection probability Pm0 is shown in Fig.5.
We could see that the detection probability Pm0 decreased as topological charge
m0 and the receiving aperture size R increased. The phenomenon could be ex-
plained that the radius of Airy-OAM beam increased with m0, and the larger
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Figure 5: The detection probability Pm0 under different topological charge m0 and the size
of the receiving aperture R.
topological charge received Airy-OAM beam was limited by R. When the re-
ceiving aperture size R was given, Airy-OAM beam with smaller topological
charge had a higher detection probability. A larger receiving aperture size R
led to a smaller Pm0 .
Fig.6 further shows the change of Pm0 against the main ring radius r0 and
wavelength λ when Airy-OAM beam is propagated through the oceanic turbu-
lence channel, where Fig.6(a) is for different main ring radius, and Fig.6(b) is
for different wavelengths. The result showed that the influence of r0 on Pm0 was
not obvious when the propagation distance was small, say, less than 50m. As
the propagation distance increased, the dispersion degree of Airy-OAM beam
decreased, resulting in the increase of the detection probability. It was also
shown that the Airy-OAM beam with the main ring radius r0 = 20mm had the
best performance, so that we set the parameter r0 = 20mm in the later compar-
isons. The results in Fig.6(b) also showed that the detection probabilities for
different wavelengths were close, the detection probability of Airy-OAM beam
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Figure 6: The detection probability Pm0 against z for different main ring radius r0 (a) and
different wavelength λ (b) of Airy-OAM beam.
with λ = 561nm was a little bigger than that of λ = 417nm.
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Figure 7: The detection probability Pm0 against z for Airy-OAM beam and LG beam under
the same oceanic turbulence channel.
At last, we compare the propagation property of Airy-OAM beam with those
of Laguerre Gaussian(LG) beam under the same oceanic turbulence channel in
Fig.7. The radial mode index P0 of LG beam was 0, and the radius of the main
ring r0 of Airy-OAM beam was 20mm. The numerical results showed that the
interference caused by oceanic turbulence on Airy-OAM beams was bigger than
those on LG beams when topological charge m0 is less than or equal to 4, which
was consistent with those results in Ref.[10]. But the detection probability of
Airy-OAM beam was larger than that of LG beam in Fig.7(b), when m0 was
equal or greater than 5. The reason was Airy-OAM beam had non-diffraction
and self-healing characteristics, its reconstruction ability would reduce the power
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loss caused by turbulence, and would increase the detection probability at the
receiver side, when the topological charge of Airy-OAM beam was greater than
5.
4. Conclusion
In this paper, we have demonstrated the propagation properties of Airy-
OAM beam in an anisotropic weak oceanic turbulent channel. We have derived
the analytic formula of detection probability for Airy-OAM beam with Rytov
approximation theory. The influences of turbulence parameters, beam parame-
ters and propagation distance on the propagation property of Airy-OAM beam
have been discussed. The results have shown that the interference caused by
oceanic turbulence on the propagation of Airy-OAM beam become stronger
as the dissipation rate of temperature variance, the ratio of temperature and
salinity contributions to the refractive index spectrum, and the propagation dis-
tance increase. Simultaneously, the detection probability of Airy-OAM beam
after oceanic turbulence have decreased as the dissipation rate of kinetic energy
per unit mass of fluid, inner scale factor, and anisotropic coefficient decrease.
Smaller topological charge, longer wavelength, and larger main ring radius Airy-
OAM beams have more anti-interference to oceanic turbulence. Additionally,
the detection probability of Airy-OAM beam after propagation has increased
with the decreasing of receiving aperture size. In comparison with the LG-
OAM beam, Airy-OAM beams have more resistance to turbulence when its
topological charge is larger than 5. These results are useful for UOC link using
Airy-OAM beam.
Acknowledgment
The paper is supported by the National Natural Science Foundation of China
(61475075,61271238), Postgraduate Research & Practice Innovation Program of
Jiangsu Province(KYCX18 0899).
12
References
[1] Y. Huang, B. Zhang, Z. Gao, G. Zhao and Z. Duan, Evolution behavior of
Gaussian Schell-model vortex beams propagating through oceanic turbu-
lence, Opt. Express 22(2014) 17723-17734.
[2] J. Xu and D. Zhao, Propagation of a stochastic electromagnetic vortex
beam in the oceanic turbulence, Opt. Laser Technol. 57(2014) 189-193
[3] D. Liu, Y. Wang and H. Yin, Evolution properties of partially coherent
flat-topped vortex hollow beam in oceanic turbulence, Appl. Opt. 54(2015)
10510-10516.
[4] Y. Dong, L. Guo, C. Liang, F. Wang and Y. Cai, Statistical properties of
a partially coherent cylindrical vector beam in oceanic turbulence, J. Opt.
Soc. Am. A. 32(2015) 894-901.
[5] M. Cheng, L. Guo, J. Li, Q. Huang, Q. Cheng and D. Zhang, Propagation
of an optical vortex carried by a partially coherent Laguerre-Gaussian beam
in turbulent ocean, Appl. Opt. 55(2016) 4642-4648.
[6] D. Liu, L. Chen, Y. Wang, G. Wang and H. Yin, Average intensity prop-
erties of flat-topped vortex hollow beam propagating through oceanic tur-
bulence, Optik 127(2016) 6961-6969.
[7] B. Cochenour, K. Morgan, K. Miller, E. Johnson, K. Duan and L. Mullen,
Propagation of modulated optical beams carrying orbital angular momen-
tum in turbid water, Appl. Opt. 55(2016) C34-C38.
[8] M. Cheng, L. Guo, J. Li and Y. Zhang, Channel Capacity of the
OAM-Based Free-Space Optical Communication Links With BesselCGauss
Beams in Turbulent Ocean, IEEE Photonics J. 8(2017) 1-11.
[9] D. Liu, H. Yin, G. Wang and Y. Wang, Propagation of partially coher-
ent Lorentz-Gauss vortex beam through oceanic turbulence, Appl. Opt.
56(2017) 8785-8792.
13
[10] Y. Li, L. Yu and Y. Zhang, Influence of anisotropic turbulence on the
orbital angular momentum modes of Hermite-Gaussian vortex beam in the
ocean, Opt. Express 25(2017) 12203-12215.
[11] Z. Liu, J. Chen and D. Zhao, Experimental study of propagation properties
of vortex beams in oceanic turbulence, Appl. Opt. 56(2017) 3577-3582.
[12] D. Liu, Y. Wang, G. Wang, X. Luo and H. Yin, Propagation properties of
partially coherent four-petal Gaussian vortex beams in oceanic turbulence,
Laser Phys. 27(2017) 016001.
[13] L. Yu and Y. Zhang, Analysis of modal crosstalk for communication in tur-
bulent ocean using Lommel-Gaussian beam, Opt. Express 25(2017) 22565-
22574.
[14] X. Yin, Y. Guo, H. Yan, et al., Analysis of orbital angular momentum
spectra of Hankel-Bessel beams in channels with oceanic turbulence, Acta
Phys. Sin. 67(2018) 114201.
[15] T. Yang and S. Zhao, Random phase screen model of ocean turbulence,
Acta Opt. Sin. 37(2017) 1201001.
[16] S. Pan, S. Zhao, L. Wang, H. Yao and W. Li, The experimental investi-
gation of underwater propagation characteristics of OAM, Acta Opt. Sin.
38(2016) 0606004.
[17] J. Baghdady, K. Miller, K. Morgan, M. Byrd, et al., Multi-gigabit/s under-
water optical communication link using orbital angular momentum multi-
plexing, Opt. Express 24(2016) 9794-9805.
[18] Y. Ren, L. li, Z. Wang, et al., Orbital Angular Momentum-based Space
Division Multiplexing for High-capacity Underwater Optical Communica-
tions, Sci. Rep. 6(2016) 33306.
[19] L. Zou, L. Wang, S. Zhao, Turbulence mitigation scheme based on spatial
diversity in orbital-angular-momentummultiplexed system, Opt. Commun.
400(2017) 123-127.
14
[20] L. Zou, L. Wang, S. Zhao, H. Chen, Turbulence mitigation scheme based
on multiple-user detection in an orbital-angular-momentum multiplexed
system. Chin. Phys. B. 25(2016) 316-323.
[21] S. Zhao, L. Wang, L. Zou, L. Gong, W. Cheng, B. Zheng, H. Chen, Both
channel coding and wavefront correction on the turbulence mitigation of op-
tical communications using orbital angular momentum multiplexing, Opt.
Commun. 376(2016) 92-98.
[22] S. Zhao, J. Leach, L. Gong, J. Ding, B. Zheng, Aberration corrections for
free-space optical communications in atmosphere turbulence using orbital
angular momentum states, Opt. Express 20(2012) 452-461.
[23] A. Willner, Z. Zhao, Y. Ren, Li L, et al., Underwater optical communica-
tions using orbital angular momentum-based spatial division multiplexing,
Opt. Commun. 408(2018) 21-25.
[24] V. V. Nikishov, V. I. Nikishov, Spectrum of turbulent fluctuations of the
sea-water refraction index, Int. J. Fluid Mech. Res. 27(2000) 82-98.
[25] W. Lu, L. Liu and J. Sun, Influence of temperature and salinity fluctu-
ations on propagation behaviour of partially coherent beams in oceanic
turbulence, J. Opt. A: Pure Appl. Opt. 8(2006) 1052C1058.
[26] M. Wu, T. Lang, G. Shi and Z. Han, Generation and investigation of ter-
ahertz Airy beam realized using parallel-plate waveguides, Opt. Commun.
410(2018) 520-524.
[27] D. Hu, Y. Liang, Y. Chen, Z. Chen and X. Huang, Autofocusing Airy beam
STED microscopy with long focal distance, Opt. Commun. 404(2017) 196-
202.
[28] W. Wen, X. Chu and H. Ma, The propagation of a combining Airy beam
in turbulence, Opt. Commun. 336(2015) 326-329.
15
[29] P. Zhang, J. Prakash, Z. Zhang, et al., Trapping and guiding microparticles
with morphing autofocusing Airy beams, Opt. Lett. 36(2011) 2883-2885.
[30] X. Chu, Evolution of an Airy beam in turbulence, Opt. Lett. 36(2011)
2701-2703.
[31] Y. Wu, Y. Zhang, Y. Zhu and Z. Hu, Spreading and wandering of Gaussian-
Schell model laser beams in an anisotropic turbulent ocean, Laser Phys.
26(2016) 095001.
16
